I. Introduction
Iron (III) porphyrins in solutions exist either in the high-spin (5 = 5/2) or low spin (5 = 1 /2 ) state with characteristic EPR-spectra 1_4. In the high spin state one normally observes for a frozen solution two transitions (<7^ = 6.0, g\\ = 2.0) arising due to the very large axial zero field splitting (D = 10 cm-1). Heme proteins with high spin iron (III) also exibit similar EPR characteristics, though in some cases, the g = 6 line is split indicating small rhombicity. In the low-spin state (S = 1/2) one observes axial or rhombic ^-tensors. Intermediate (5 = 3/2) spin states have also been characterized in some proteins containing iron (III) porphyrins. In the pres ent paper we report the EPR-spectra of some iron (III) porphyrins in the polycrystalline state at liquid nitrogen and liquid helium temperatures. These spectra do not fall into anyone of the three groups described above.
We have found that the EPR data are explainable only in terms of intermolecular magnetic exchange interactions. Various solid state EPR spectra will therefore be correlated with crystal structure data. In adition, susceptibility measurements at different temperatures were also performed to characterize the systems.
II. Experimental A) Materials
The iron (III) chloride complexes of octaethylporphyrin (OEP), protoporphyrin (proto) and tetraphenylporphyrin (TPP) were obtained by the usual crystallization of the iron (III) porphyrins from Reprint requests to Dr. J. H. Fuhrhop, GBF -Maschero der Weg 1, D-3300 Braunschweig-Stöckheim. acetic-acid in the presence of sodium chloride 5. The acetate of Fe (III) (OEP) was prepared from the /c-oxo-dimer by crystallization in acetic acid. B) EPR-Measurements EPR spectra were recorded using a Bruker BER 414S spectrometer operating at X-band with 100 kHz field modulation. Measurements at liquidnitrogen-temperature were made by the gas flow technique, whereas a cold finger liquid helium insert dewar (Scanlan, U.S.A.) was used for liquid helium temperatures. Microwave power was kept as low as possible in the latter case.
C) X-ray Study of Iron(III) (OEP)Cl
Good crystals of Fe (III) (OEP) CI were obtained by vapor diffusion of diethylether into a concentrated solution of Fe (III) (OEP) CI in chloroform within one week. A crystal with dimensions of 0.25 x 0.25 X 0.08 mm was mounted in such a way that the c-axis was parallel to the goniometer axis. The intensity data were collected in the Q = 2 Q mode (3 .0^2 0^4 6 .0°) on a Syntex P2X four-circle diffractometer with graphite monochromated MoKaradiation.
Scan speeds varied between 2.93 and 9.77° min-1 with equal scan and background times. Of the 8824 reflections (one half of the reciprocal space) re corded, 2635 were considered to be observed as independent reflections with F > 4 .0 (F) (internal consistency index = R = 0.026). The intensities were reduced for Lorentz and polarisation correc tions.
Three standard reflections showed no significant alterations, during data collection. C r y s t a l D a ta :
C36H44N4FeCl, M = 624.1. Systematic absences hOl (1 = 2 n ), OkO (k = 2 n) confirm the space groups P21/c (Nr. 14) monoclin, Z = 4. S t r u c t u r e S o l u t i o n a n d R e f i n e m e n t
The structure was solved by use of an automatic centrosymmetric direct method where 214 phase permutations were expanded on the basis of the equation: s(h) = s ( 2 E (k) • E {h -k)) 6. An M(abs)-test was used to reject permutation, if their internal consistency fell below a specified value. A similarity test was applied to avoid the calculation of too many closely similar E maps. The only calculated E map showed 18 of the 42 heavy atom positions. The remainder were obtained from differenceFourier syntheses. Complex neutral atom scattering factors were employed 7' 8. The parameters were first refined with isotropic and later with anisotropic temperature factor components by blocked fullmatrix least-squares-method, the function 2 oj A2 being minimised.
A difference Fourier synthesis yielded the posi tions of the hydrogen atoms. They were included as parameter with isotropic temperature factors in the last cycles of refinement. The final value of the generalised index Rq = ( 2 co A2/2 oo F02) 1/2 was 0.056, the weighted residual Äw = 2 <oVl A/2 w1'1 F0 was 0.054 and R = 0.073. The weights used, were given by the expression co = K / (o2 (F0) + g F0)2, where K refined to 1.07128 and g to -0.000301. In the last difference Fourier synthesis, maxima in electron density of 0.57 eÄ-3 were observed near the heaviest atoms Fe and CI. All other maxima were smaller than 0.41 A "3. 131 reflections showed differences between F0 and Fc greater than 2.0 o(Fc).
The final atom positions are listed in Table 1 . The bond lengths and bond angles with their standard deviations were calculated from these values by means of all-covariance-matrix and are listed in Table 2 and 3. D) Magnetic Susceptibility of Fe (111) (OEP)Cl The susceptibility was measured by the Faradaymethod from 3.04 to 297 K. 0.4 g of finely pow dered Fe (III) (OEP)Cl were used. The sample was analyzed for possible ferromagnetic contaminations by susceptibility measurements in magnetic fields from 3 to 15 kG at all temperatures. A constant value for the susceptibility within an experimental error of ± 2% was always found. This implies the absence of any ferromagnetic impurities in suf ficient amounts to affect the results of the experi ments. Diamagnetic corrections were made using the additivity rule [diamagnetic correction = -393 • 10-6 (cm3/mol) ]. ( ( 9) III. Results
A) EPR Spectra
The EPR-spectrum of polycrystalline Fe (III) (OEP)Cl at 80 °K is quite different from that of a frozen solution at the same temperature. There is a strong transition (linewidth = 560 Gauss) around < 7 = 3. 
1.510 (11) Figure 1 . In order to know whether the intermolecular iron-iron inter actions contribute to the EPR spectra, a dilution ex periment was performed with Fe(III) (OEP)CI. The Fe (III) complex was mixed with the free base OEP in a molar ratio of 1 :2 , dissolved in chloroform and the solution was evaporated very slowly. The EPR spectra of polycrystalline material thus ob tained indicated relatively sharp # = 6 and g = 2 lines and a broad, weak line at # = 3.5. It appeared that not all of the Fe (III) (OEP) CI had gone into the lattice of the free base. A small part of it had probably coprecipated which gave rise to the broad line at # = 3. base OEP gave rise to # = 6 and # = 2 lines, thus demonstrating that the # = 3.5 line arise from inter molecular spin-spin interactions.
B) Crystal Structure
Details of the molecular and crystal structures of Fe (III) (OEP) CI are given in Figures 2 and 3 . The crystal data of the three iron (III) chloride por phyrin complexes investigated by EPR-spectroscopy are given in Table 5 . Data for Fe (III) (proto) CI and Fe (III) (TPP) CI have been taken from the literature9-10, the analysis of Fe(III) (OEP)CI is described in the experimental section.
The molecular environment around the Fe(III)-ions in all these cases is nearly identical: the por phyrin ring is slightly bent (deviations from the N-plane 5^0.2 Ä) and the iron is roughly 0.5 Ä out of plane. Average bond lengths of chemically equi valent bonds are given in Table 4 . Significant differences, however, are found in the crystal structures. In Fe (III) (proto)Cl the macrocycles are closest to each other. There are twenty interatomic distances from any porphyrin ring to the others, which are shorter than 4 Ä. The closest intermolecular approach of two carbon atoms is 3.39 A. In Fe(III) (OEP)Cl only forteen inter atomic distances fall below 4 Ä and the shortest distance is 3.54Ä. With Fe(III) (TPP)Cl large separations between porphyrin rings are observed. The shortest interatomic C -C distance is 5.06 A. The chloride ions, however, are situated with equal probability on either side of the porphyrin plane. For fifty percent of the molecules in this disordered structure, the separation of the chloride ion radii is of the order of 1 Ä. This should therefore allow orbital overlap and superexchange interactions be tween associated iron ions in these isolated pairs.
It is difficult to represent the complicated molec ular arrangement in the crystal lattice in a two dimensional projection. A visualization of probable interaction pathways is given in Figures 4 -6 . Only In Fe (III) (proto) CI the nearest molecules from a chain along the 6-axis. Figure 4 shows four mole cules as seen from the a-axis. In the same manner in Fe (III) (OEP) CI nearest interatomic distances occur along the a-axis. The chain is drawn in Fig. 5 as seen along the 6-axis. Fig. 4 . Chain of nearest molecules of Fe (III) (proto) CI along the 6-axis as seen from the a-axis. In Fe (III) (TPP) CI the molecules are stacked exactly along the c-axis so that interactions can pass over the chloride ligand as can be seen from Fig  ure 6 . It can be noticed that not only the magnitude, but also the nature of the interaction is determined by the different geometrical arrangement of the molecules in these Fe (III) porphyrinchlorides. 
C. Magnetic Susceptibility
The results of our measurements of Fe (III) (OEC)Cl are given in Table 6 . The data for Fe (III) (proto) CI and Fe (III) (TPP) CI have already been reported11-12. In all three cases /uobs = 2.828(^M T)0-5 is temperature independent down to 20 K. For Fe(III) (OEP)CI, the average value of ju0bs is 5.75 (5) Taking the intermolecular interactions into con sideration further improves the fit to experimental data. To obtain an upper limit for the magnitude of the exchange integral / we first consider only the nearest neighbor interactions and neglect the ligand field forces. Analysis of the crystal structure of 
IV. Discussion
The crystal structure of the iron (III) porphyrins reveals that intermolecular interactions in Fe (III) (proto)CI and Fe(III) (OEP)CI do not involve spe cific pairs of molecules, but rather chains. The ar rangement of molecules in Fe (III) (proto) CI is closer and more complicated than in Fe (III) (OEP) CI. This is reflected in the EPR spectra of Fe (III) (proto) CI for which the largest linewidths are ob served. For a cluster of spins a general spin Hamil tonian can be written as follows 20:
Jii is the spin Hamiltonian for the isolated spin system and U jj represents the interactions between the spins. % = ß B g S i + S fD -S i, y^ii = Ja S-Sj + Dijx (3 SziSzj -Si Sj) + {Sxi Sxj -Syi Syj) .
The terms in Tl; have their usual meaning. is the isotropic exchange between a pair of spins; DEx and EEx represent the anisotropic exchange and di polar contributions. The above Hamiltonian is too complicated and we have resorted to drastic simplifi cations in order to explain just the trends in the EPR spectra. We have considered the interaction between only three Fe atoms in a chain and as sumed that the isolated Fe (III) porphyrin molecules can be represented by the effective spin Hamiltonian where DEx and EEx are replaced by D and E, since these are the only spin-spin interactions occuring explicitly in the Hamiltonian. We have also assumed complete equivalence of the three iron (III) por phyrins as well as parallel g and D tensors. The cluster is treated as an effective S = 3/2 system with J ^ h v, where h v is the microwave quantum. The above Hamiltonian was diagonalized21 exactly for values oi hv, D <€hv and D = hv. For D<€hv the lines at g = 6 and g = 2 are split to a small ex tent. One gets three closely spaced lines (separation = 100 Gauss at v = 9.3 GHz) in the g = 6 and g = 2 region. For D = hv, E = 0, transitions occur around 3.5 and also at very low fields # > 8 . But one also gets transitions at g = 2 which are not ob served experimentally in the case of Fe (III) (OEP) CI. The above calculation is certainly not meant to predict the complete spectrum. It is only to show that g = 3.5 lines can arise from intermolecular spinspin interactions. A quantitative interpretation of the EPR data will have to take into aeount the complete symmetry of the cluster and all the isotropic and anisotropic interactions. Bulk magnetic susceptibility properties, on the other hand, are well accounted for by the equations given in Section II,C. Only the influence of the crystal field and the Heisenberg isotropic ex change coupling are needed to be considered.
V. Conclusion
Crystal data of Fe (III) porphyrin chlorides demonstrate that the paramagnetic metal ions are
